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CREEP DEGRADATION IN OXIDE-DISPERSION-STRENGTHENED ALLOYS 

by J. Daniel Whittenberger 
Lewis Research Center 


SUMMARY 

A study was undertaken to determine if oxide -dispersion -strengthened (ODS) Ni- 
base alloys in wrought bar form are subject to creep degradation effects similar to those 
found in thin -gage sheet. The bar products evaluated included ODS-Ni, ODS-NiCr, and 
three types of advanced ODS-NiCrAl alloys. Tensile test specimens were exposed to 
creep at various stress levels at 1365 K and then tensile tested at room temperature. 

Low residual tensile properties, change in fracture mode, the appearance of dispersoid- 
free bands, grain boundary cavitation, and internal oxidation in the microstructure were 
interpreted as creep degradation effects. This work showed that many ODS alloys are 
subject to creep damage. Degradation of tensile properties occurred after very small 
amounts (<0.2 percent) of creep strain, ductility being the most sensitive property. The 
amount of degradation was dependent on the creep strain and was essentially independent 
of the alloy system. All the ODS alloys which were creep damaged possessed a large 
grain size (>100 pm). Creep damage appears to have been due to diffusional creep, 
which produced dispersoid-free bands around boundaries acting as vacancy sources. 

Low angle and possibly twin boundaries acted as vacancy sources. The residual tensile 
properties of two alloys were not affected by prior creep parallel to the extrusion axis. 
One of these alloys, DS-NiCr(S), was a single crystal. The other alloy, TD-Ni, pos- 
sessed a small, elongated grain structure, which minimized the thickness of the 
dispersoid-free bands produced by diffusional creep. 


INTRODUCTION 

Recent work (ref. 1) has shown that thin -gage sheet of the oxide -dispersion- 
strengthened (ODS) alloy TD-NiCr (Ni-20Cr-2ThO2) is subject to creep degradation. 
Small amounts of creep (less than 1 percent) at elevated temperatures (1144 to 1477 K) 
produced intergranular damage which severely reduced room temperature tensile prop- 
erties, tensile ductility being particularly affected. It lias been proposed (ref. 2) that 



this creep damage is the result of diffusional creep, which produces dispersoid-free 
bands on grain boundaries acting as vacancy sources. Such dispersoid-free bands are 
weak compared with the original ODS alloy. In addition, the bands can act as sites for 
cavitation and intergranular oxidation, which further weaken the alloy. These observa- 
tions suggest that most ODS alloys should be susceptible to this type of creep damage. 

The purpose of this study was to determine if ODS Ni-base alloys in wrought bar 
form are subject to creep degradation effects similar to those found in thin -gage sheet. 
Such behavior is of interest as ODS alloys are being considered for use as vanes in ad- 
vanced gas turbine engines. The bar products evaluated included ODS-Ni, ODS-NiCr, 
and three types of advanced ODS-NiCrAl alloys. Tensile test specimens were exposed 
to creep at various stress levels at 1365 K and then tensile tested at room temperature. 
Low residual tensile properties, change in fracture mode, the appearance of dispersoid- 
free bands, grain boundary cavitation, and internal oxidation in the microstructure were 
interpreted as creep degradation effects. 


EXPERIMENTAL PROCEDURE 

The five ODS alloys evaluated and their chemical compositions are shown in table I. 
Two alloys were obtained from Fansteel, Inc. : TD-Ni in the form of heat-treated 
(stress -relieved) bar with a 1. 2 7 -centimeter diameter and TD-NiCrAl as an upset steel 
canned billet with a 20-centimeter diameter. DS-NiCr was provided by the Cabot Cor- 
poration as unrecrystallized sheet bar with a 1. 9- by 6. 4 -centimeter cross section. 
Inconel MA-754 was purchased from Huntington Alloys, Inc. , in the form of heat-treated 
sheet bar with a 2. 8- by 9. 3 -centimeter cross section. The experimental alloy DST- 
NiCrAl was obtained from Sherritt -Gordon Mines Ltd. in the form of pressed and sin- 
tered billets 7. 6 centimeters in diameter. DS-NiCr was divided into two lots, and each 
lot was given a different recrystallization heat treatment. The alloys in billet form were 
subjected to various thermal mechanical processing and heat treatment schedules in 
order to obtain an elongated microstructure with a uniform, large grain size. The known 
processing and heat treatment schedules for the ODS alloys are shown in table n. DS- 
NiCr, TD-NiCrAl, and DST-NiCrAl were tested after being subjected to the processing 
and heat treatment schedules shown in table n. TD-Ni and Inconel MA-754 were tested 
in the as-received condition. In this work, the condition of the alloys prior to testing is 
termed the as -received condition. 

The average grain size parameters as determined by lineal analysis and the crystal- 
lographic texture of the as-received alloys are given in table III. Of the alloys evaluated 
in this study, DS-NiCr possessed the most unusual structure, as the heat-treated bars 
were single crystals. The two different heat treatments did, however, produce different 
macrostructures, as shown in the macroetched sections in figure 1. Because of their 
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unique microstructures, grain aspect ratios could not be determined for the DS-NiCr 
bars. Of the other alloys tested, only TD-Ni possessed a high grain aspect ratio. Nei- 
ther average particle size nor interparticle spacing was determined for any of these 
alloys. 

Round bar tensile specimens with a gage section nominally 2. 8 centimeters long by 
0. 51 centimeter in diameter were centerless ground from the heat-treated alloys. In 
general, tapered grip specimens were used; however, threaded grip end specimens were 
used for DS-NiCr (S) tested in the long transverse direction and for Inconel MA-754 in 
order to conserve material. All alloys were tested parallel to the extrusion axis; in ad- 
dition, DS-NiCr(S) and Inconel MA-754 were tested in the long transverse direction. 

All creep testing was conducted at 1365 K in air on constant -load test machines. 
Creep tests were designed to produce from 0. 1 to 1.0 percent total creep (transient plus 
steady -state plus tertiary, if any) in nominally 100 hours. Elongation as a function of 
time was measured optically from scribed platinum strips which had been spot welded to 
the shoulders of the test specimens. At the completion of a creep test, the furnace was 
turned off, and the stress was reduced at least 50 percent. After cooling, the creep- 
tested specimens were tensile tested at room temperature. Also, with a few exceptions, 
duplicate as -received alloy specimens were tensile tested at room temperature. Tensile 
testing was conducted on an oil -operated hydraulic test machine at a cross -head speed of 
about 0. 001 centimeter per second with strain through the 0. 2 percent yield strength 
measured by a clip-on extensometer . 

All residual tensile properties were calculated on the basis of the original (as- 
received) cross-sectional area. The 0.2 percent yield strengths measured on creep- 
tested specimens are somewhat suspect since the gage sections of all these specimens 
were oxidized. Following tensile testing, selected residual property and as-received 
specimens were subjected to additional examination including metallography and scanning 
electron microscope (SEM) fractography. While this report emphasizes the effect of 
prior creep on room temperature residual tensile properties, a limited examination of 
the effect of prior creep on elevated temperature tensile properties was also made 
(appendix A). 


RESULTS 

This report is concerned with the room temperature residual tensile properties 
after creep testing. Only those mechanical property data necessary to discuss residual 
properties are presented. A general discussion of the tensile properties and creep char- 
acteristics of the alloys at 1365 K is presented in reference 3. 

The creep history and residual tensile properties for all the alloys are given in 
table IV. In general, the following were interpreted as effects of creep degradation: 
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(1) Low tensile ductility compared with as-received value 

(2) Low ultimate tensile strength compared with as-received value 

(3) Changes in macroscopic fracture appearance, usually from intragranular (as- 
received) to intergranular (creep -dam aged) 

(4) Differences in SEM fractography between as -received and residual fracture 
surfaces 

(5) Intergranular cracking, significant numbers of creep cavities, internal oxidation, 
and dispersoid-free bands in residual property specimens 

Applying the first three indicators to the residual property data in table IV reveals 
that six of the eight alloy -direction combinations were subject to creep degradation at 
very low strains (of the order of 0. 2 percent creep). They are DS-NiCr(S) and Inconel 
MA.-754 tested in the long transverse direction and DS-NiCr(F), Inconel MA-754, TD- 
NiCrAl, and DST-NiCrAl tested parallel to the extrusion axis. DS-NiCr(S) tested par- 
allel to the extrusion axis was apparently free of creep degradation effects up to 1. 6 per- 
cent creep strain. TD-Ni tested parallel to the extrusion axis was also not subject to 
degradation, at least up to approximately 0.4 percent creep; however, the decrease in 
ultimate tensile strength of the TD-Ni specimen subjected to 0.49 percent creep indicates 
that higher strains might result in degradation. 

SEM fractography techniques and metallography of the eight alloy -direction com- 
binations confirmed that only DS-NiCr(S) and TD-Ni tested parallel to the extrusion axis 
were not affected by prior creep. Figure 2 illustrates typical examples of as -received 
and creep -damaged fracture surfaces. The lacy-network surface which is formed by the 
outline of very large fracture dimples shown in figure 2(b) was observed on the tensile 
fracture surface of all the alloys which were creep damaged. This type of surface is 
identical to that found on creep-damaged TD-NiCr (ref. 1). All fracture surfaces of 
creep-damaged specimens contain areas of the as -received type surface (similar to 
fig. 2(a)) and the lacy-network surface (fig. 2(b)). In addition, many residual specimens 
subjected to creep strains greater than about 0. 4 percent contained oxidized regions. 
Metallography of selected residual property specimens revealed that tensile failure was 
basically intergranular in creep-damaged specimens, while undamaged (as -received) 
specimens underwent intragranular tensile failure. Also, many creep-tested specimens 
contained significant intergranular damage such as cracking, cavities, and dispersoid- 
free bands; the extent of this intergranular damage increased with increasing creep 
strain. A typical example of intergranular damage is shown in figure 3. Additional doc- 
umentation of creep degradation is presented in appendix B. 
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DISCUSSION 


From the residual property data presented in table IV, it is apparent that most ODS 
alloys tested in this study sustained creep degradation during tensile creep at 1365 K. 

As can be seen in figure 4, which presents plots of normalized room temperature tensile 
properties (residual value/as -received value) as a function of creep strain, the extent of 
creep damage is dependent on the strain and essentially independent of the composition, 
grain size, and grain aspect ratio of the alloy system. The data in this composite figure 
indicate that significant reduction (>10 percent) in the room temperature ultimate tensile 
strength requires at least 0.4 percent creep strain; on the other hand, large reductions 
in room temperature ductility can occur at 0.2 percent creep strain or less. Therefore, 
tensile ductility is a much more sensitive indicator of creep damage than ultimate tensile 
strength. 

It has been proposed (ref. 1) that creep damage in polycrystalline Ni-base alloys is 
the result of diffusional creep. In order for this to be true, diffusional creep mech- 
anisms must make a significant contribution to creep in these alloys. Because of the ab- 
solute theoretical models of diffusional creep, diffusional creep rates can be calculated 
for ODS-Ni, and these rates can be compared with actual creep rates for typical ODS al- 
loys. From Raj and Ashby's work (refs. 4 and 5), the combined creep rate k due to the 
diffusional creep mechanisms is 
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where O is the atomic volume, k is Boltzmann’s constant, T is the absolute temper- 
ature, Dy is the volume diffusion coefficient, Dg is the grain boundary diffusion coeffi- 
cient, 5 is the grain boundary width, a is the applied stress, and d is the equiaxed 
grain size. From this equation the stress, temperature, and grain size necessary to 
produce 1 percent creep in 100 hours can be calculated for ODS-Ni where (from ref. 6) 
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In figure 5, the theoretical stress and temperature conditions to produce 1 percent 
creep in 100 hours in ODS-Ni with a 250-micrometer grain size are compared with nom- 
inal 100-hour stress -rupture strengths for advanced Ni-base ODS alloys (ref. 7). Since 
these alloys generally exhibit 1 percent strain prior to rupture, the 100 -hour rupture 
stress is a reasonable approximation of the stress to produce 1 percent creep in 100 
hours. In addition, a 250-micrometer grain size is typical of many advanced ODS alloys: 
for example, Inconel MA-754 and TD-NiCrAl which were tested in this study. Figure 5 
reveals that the actual strength of the advanced ODS alloys is greater than the theoretical 
diffusional creep strength for temperatures of 1255 K or more. From this figure it can 
be seen that diffusional creep is possible and that it can more than account for the creep 
deformation that is experimentally observed. The difference between actual strength and 
theoretical strength could be due, in part, to a threshold stress for creep (refs. 1 and 2). 
Although the theoretical curve in figure 5 is for an ODS-Ni alloy, solid solution Ni-base 
alloys would exhibit almost identical curves of strength as a function of temperature 
since diffusion in nickel solid solutions is not greatly influenced by normal alloying 
additions. 

As diffusional creep seems to be a viable creep mechanism in polycrystalline ODS- 
Ni alloys, one must consider its effect on the microstructure, in particular, the growth 
of dispersoid-free bands around grain boundaries acting as vacancy sources since these 
appear to be directly responsible for creep degradation. Figure 6 illustrates various 
theoretical stress, temperature, and time conditions necessary to produce a 2- 
micrometer -thick dispersoid-free band for two grain sizes. These curves indicate that 
moderate stresses can rather quickly form significant dispersoid-free bands in either 
100- or 500-micrometer -grain-size material. For most ODS-Ni alloys a 2-micrometer- 
thick dispersoid-free band is a region which is at least an order of magnitude wider than 
the average interparticle spacing; therefore, these bands will be considerably weaker 
than the dispersion-strengthened portion of the microstructure. In general, one would 
expect the material in wide dispersoid-free bands to behave as a normal solid solution 
and to be subject to normal creep processes such as dislocation climb/glide and cavity 
formation. Finally, it should be noted that the width w of dispersoid-free bands is de- 
pendent on the diffusional creep strain e and equiaxed grain size d, where 
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Thus, small strains and small grain size would result in narrow dispersoid-free bands, 
while small strains and large grain size would result in wide bands: for example, 0. 4 
percent creep strain in 25- and 2 50-micrometer -grain -size alloys would produce 0. 1- 
and 1-micrometer -thick dispersoid-free bands, respectively. 

The diffusional creep model (ref. 1) of creep degradation agrees well with the re- 
sults of this study. With regard to the six combinations of alloy, heat treatment, and 
direction which exhibited creep degradation (fig. 4), metallography revealed the presence 
of a large grain size and transverse boundaries in the test sections of the alloys in these 
combinations. Apparently at least some of the transverse boundaries acted as vacancy 
sources during tensile creep. In general, the boundaries in the alloys in these combina- 
tions were not normal high -angle grain boundaries as all the alloys possessed texture 
(table HI). Thus, it appears that tensile creep conditions can force low-angle grain 
boundaries and possibly even twin boundaries such as occurred in DS-NiCr(F) to act as 
vacancy sources. 

Creep degradation was not observed in either TD-Ni or DS-NiCr(S) when they were 
tested parallel to the extrusion axis. This is also interpretable by assuming that dif- 
fusional creep is responsible for creep degradation. DS-NiCr(S) tested parallel to the 
extrusion axis does not contain transverse boundaries as it is essentially a perfect single 
crystal in this direction. On the other hand, TD-Ni contains many transverse grain 
boundaries; however, because of the small grain size (~3 jum) only very narrow 
dispersoid-free bands would be formed during creep. Narrow bands should not affect 
the residual tensile properties. 

During the course of this study, it was observed that all of the alloy -direction com- 
binations possessed threshold stresses for creep (ref. 3). Prior creep exposure at 
stress levels equal to or below the threshold stress did not cause creep degradation. 
Thus, maintaining applied stresses below the threshold stress for creep offers the best 
potential for avoiding creep degradation. Microstructural control, as suggested by the 
test results for DS-NiCr(S) and TD-Ni, is probably not practical. Single -crystal mate- 
rial must be perfect (without subgrain boundaries) in order to be completely free of dif- 
fusional creep. TD-Ni is the only known practical example of a strong, small grain size 
ODS-Ni alloy; all other ODS-Ni alloys with a small grain size are extremely weak. 

These results seem to indicate that use of ODS alloys should be limited to low stress 
applications where creep is unlikely to occur. For example, ODS alloys have shown ex- 
cellent potential for aircraft turbine engine vanes (ref. 8). In this application, resis- 
tance to oxidation and sulfidization, thermal fatigue, and overtemperature capability are 
of primary importance, while only moderate strength is required. Should creep degra- 
dation occur in ODS alloy vanes, thermal fatigue behavior would probably be affected. 
However, problems of this type have not been observed in actual engine tests of ODS al- 
loy vanes, probably because of the relatively low stress experienced by vanes. 
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Finally, figure 4 demonstrates a straightforward, simple relation between creep 
degradation and prior creep; a similar relation between creep strain and applied creep 
stress is not possible. Reexamination of the creep history data in table IV demonstrates 
that considerable differences in the creep strength properties exist. For example, the 
stresses required to produce approximately 0. 3 percent creep in 150 hours at 1365 K 
range from about 50 MPa for TD-NiCrAl and DST-NiCrAl to about 70 MPa for DS- 
NICr(S) and Inconel MA-754 for alloys tested parallel to the extrusion axis, while Inconel 
MA-754 tested in the long transverse direction only requires about a 20-MPa stress. It 
is probable that some of the observed differences in strength are due to grain size and 
grain aspect ratio effects; in addition, part of the strength differences could be due to 
differences in the threshold stress (refs. 3, 9, and 10) for creep for the various alloy 
systems and test directions. 


CONCLUSIONS 

Based on a study of creep degradation in ODS-Ni alloys, it is concluded that ODS al- 
loys possessing a large grain size separated by high angle, low angle, and/or twin bound- 
aries must be limited to stress and temperature conditions where creep essentially will 
not occur (strains <0. 2 percent) in order to avoid significant creep damage. Degradation 
appears to be due to diffusional creep, which produces dispersoid-free bands around 
grain boundaries acting as vacancy sources. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, December 3, 1976, 

505-01. 


APPENDIX A 


EFFECT OF CREEP IN ODS ALLOYS ON 1365 K RESIDUAL TENSILE PROPERTIES 

Following creep testing at 1365 K, selected specimens of TD-NiCrAl and DST- 
NiCrAl were tensile tested at 1365 K to assess the effects of prior creep deformation on 
elevated temperature mechanical properties. Creep-tested specimens and duplicate as- 
received specimens were tensile tested in air at 1365 K at a constant cross -head speed 
of 0. 0021 centimeter per second. All tensile properties were calculated on the basis of 
as-received cross section, and the 0.2 percent offset yield strength was estimated from 
the chart for load and cross-head speed. Following tensile testing, several specimens 
were metallographically examined. SEM fractography of the fracture surfaces was at- 
tempted; however, oxidation obliterated practically all details. 

The creep histories and 1365 K residual tensile properties of the ODS alloys tested 
are shown in table V. For TD-NiCrAl prior creep had apparently little effect on the ten- 
sile strength properties; however, the macroscopic fracture mode and tensile ductility 
were influenced by very small (~0. 1 percent) amounts of creep. Metallographic evidence 
of creep damage can be seen in figure 7, where the tensile failure has been changed from 
intragranular fracture in the as-received specimens to partial intergranular fracture in 
the creep-damaged specimen. Part of this degradation could be due to intergranular car- 
bides (TD-NiCrAl contained ~0. 05 wt. % C); however, carbides can not account for all 
the degradation since specimen TL-8 had tensile properties almost equal to the as- 
received values. 

Prior creep in DST-NiCrAl also had little effect on 1365 K tensile strength prop- 
erties, but some reduction in tensile elongation could be seen. Metallographic exami- 
nation of tested specimens revealed that both the as-received and creep-tested specimens 
suffered intergranular failure; in addition, definite signs of intergranular damage pro- 
duced by creep were seen in the creep-tested specimens; a typical example is shown in 
figure 8. Here the light shading around the cracked boundary is due to alloy depletion, 
and the large particles near the cracked boundary are oxides. This type of damage is 
typical of ODS alloys subjected to relatively high creep strains and has been seen in spec- 
imens following room temperature residual tensile testing. Apparently, creep damage 
does not have as great an influence on 1365 K residual tensile properties of DST-NiCrAl 
as it does on room temperature residual properties since 1365 K tensile fracture is itself 
intergranular. 

From this study of the effects of creep degradation on the 1365 K residual tensile 
properties of ODS alloys, it appears that (1) prior creep, at least up to about 0. 5 per- 
cent, has little effect on the residual tensile strength properties; (2) small creep strains 
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can significantly reduce the tensile ductility if the as -received fracture is intergranular; 

and (3) tensile ductility is somewhat reduced by prior creep if the as -received fracture 

is intergranular. i 
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APPENDIX B 


ADDITIONAL EVIDENCE OF CREEP DEGRADATION IN ODS ALLOYS 

Specific comments on and supporting evidence for the presence or absence of creep 
degradation for the eight combinations of ODS alloy, heat treatment, and direction tested 
in this study are given in this appendix. 


TD-Ni 

As shown in table IV, the residual tensile tests of uncoated TD-Ni revealed no evi- 
dence of creep damage. The ultimate tensile strength (UTS) and ductility of the creep- 
tested specimens (creep strain up to about 0. 4 percent) were equivalent to those of the 
as -received alloy. Good retention of the UTS is somewhat surprising as TD-Ni is not an 
oxidation resistant alloy at 1365 K. The only possible example of creep degradation was 
specimen N-50, which experienced 0.49 percent creep; however, the residual ductility 
was high, while the UTS was 20 percent lower than the as-received value. Neither SEM 
fractrography nor metallography revealed differences between creep-tested and as- 
received specimens. Typical SEM fractographs are shown in figure 9 for as-received 
and creep-exposed specimens. 

Finally, the data in table IV on coated TD-Ni reveal that the coating did not affect 
either the creep or residual tensile properties, which were both equivalent to those of 
uncoated TD-Ni. 


Inconel MA-754 

Tested parallel to extrusion axis . - The residual property data in table IV show that 
Inconel MA-754 tested parallel to the extrusion axis was not degraded up to creep strains 
of about 0.2 percent. At higher creep strains, the low residual ductility indicates creep 
degradation. SEM fractography of selected specimens revealed that creep damage oc- 
curred at creep strains greater than 0. 2 percent. The fractographs in figure 2 are typ- 
ical of room temperature tensile fracture in as-received and creep-damaged specimens. 
In addition, residual property specimens subjected to creep strains greater than about 
0.4 percent contained areas of oxide on the fracture surface. Metallography of speci- 
mens with creep strains greater than 0.2 percent revealed grain boundary cavities and 
occasional YgOg -free zones. 
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Tested in long transverse direction. - Inconel MA-754 tested in the long transverse 
direction possessed the least resistance to creep degradation of any of the combinations 
of ODS alloy, heat treatment, and direction examined. The data in table IV show that 
even creep strains of the order of 0. 1 percent produced some degradation. Typical SEM 
fractographs of the room temperature tensile fractures of as -received and creep - 
damaged test specimens are presented in figure 10. The linear nature of the lacy net- 
work array of large fracture dimples shown in figure 10(b) is unique to Inconel MA-754 
tested in the long transverse direction; lacy network fracture surfaces found in the other 
alloys were much more random in appearance (see fig. 2(b)). 


DS-NiCr (S) 

Tested parallel to ex trusion axis. - The residual property data in table IV for DS- 
NiCr(S) tested parallel to the extrusion axis reveal that this alloy -orientation combination 
was not susceptible to creep degradation effects, at least up to ~1. 6 percent strain. 

This behavior was expected as specimens taken parallel to the extrusion axis are single 
crystals. Metallography of tested specimens revealed an occasional subgrain boundary 
parallel to the gage length. Apparently, subgrain boundaries of this orientation had no 
effect on residual properties. SEM fractography of as-received and residual property 
specimens revealed identical fracture surfaces. A typical SEM fractograph is presented 
in figure 11. 

Tested in long transvers e direction. - Testing of DS-NiCr(S) in the long transverse 
direction was conducted in order to evaluate the consequences of transverse subgrain 
boundaries. The creep histories and residual property results for this material - 
direction combination are shown in table IV. These data indicate that creep strains up to 
0. 15 percent will not affect residual properties; however, 0. 32 percent creep strain pro- 
duced a definite decrease in tensile ductility and a change in the outward fracture appear- 
ance. SEM fractography of the specimen which experienced 0. 32 percent creep revealed 
that creep damage had taken place. Typical SEM fractographs of as -received and creep- 
damaged specimens are shown in figure 12. 


DS-NiCr (F) 

DS-NiCr(F) given an isothermal heat treatment at 1640 K produced an overall struc- 
ture that was quite similar to that of DS-NiCr(S) except that DS-NiCr (F) had a smaller 
subgrain size and contained many grains in a twin orientation. The residual property 
data in table IV indicate that creep degradation is possible at relatively low (0. 19 percent) 
creep strain. An example of a creep-damaged region in specimen F-6 is shown in 
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figure 13. Fractography of room temperature tensile failure in as-received DS-NiCr(F) 
was identical to that of DS-NiCr(S). 


TD-NiCrAl 

The data in table IV indicate that TD-NiCrAl tested parallel to the extrusion axis can 
be creep damaged. Typical SEM fractographs of room temperature residual property 
specimens are shown in figure 14. The fracture surface shown in figure 14(a) is typical 
of an as-received fracture surface except for the dark, flat particles. These particles 
have been tentatively identified as chromium carbides which precipitate during exposure 
to elevated temperature. Figure 14(b) illustrates a network of large fracture dimples 
which is typical of creep damage in ODS alloys. 


DST-NiCrAl 

Creep histories and room temperature residual tensile properties are given in 
table IV for DST-NiCrAl tested parallel to the extrusion axis. The room temperature 
residual properties indicate that creep degradation took place at creep strains as low as 
0. 3 percent and possibly lower. Metallographic examination revealed that the specimens 
which experienced 0. 38 and 0. 68 percent creep strain possessed partially intergranular 
tensile fracture while the as -received tensile fracture was totally intragranular. SEM 
fractography provided additional evidence of creep damage. Typical SEM fractographs 
of as-received and creep-damaged room temperature tensile specimens are shown in 
figure 15. 

Figure 16 illustrates the type of creep damage that occurs at creep strains of the 
order of 0. 5 percent. The dark shaded region near the fracture surface is composed of 
large chromium and aluminum oxide particles, and the light shading around these oxides 
is due to alloy depletion. 
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TABLE I. - NOMINAL ALLOY CHEMISTRY 


Alloy 

Cr 

A1 

C 

ThO a 

Y 2°3 

NI 

Concentration, wt. % 

TD-Nl (heat 3062) 

— 


0.027 

2 


Bal. 

DS-MCr 

20.3 

— 

.009 

2 

— 



Inconel MA-754 a 

20 

0.6 

.07 

- 

0.6 



(heat 0T0055B) 








TD-NiCrAl 

16 

4.2 

.05 

2 

— 



(heat 3939) 








DST-NiCrAl 

16 

5 

.013 

2 

— 




a Also contains 1. 5 Fe and 1. 0 Ti. 


TABLE H. - TH ERMA L -MECHANICAL PROCESSING AND HEAT TREATMENT SCHEDULES 


Alloy 

Thermal -mechanical processing 

Heat treatment 

TD-Ni 

(a) 

(a) 

DS-NiCr(S) 

Extruded ~12:1 at ~1365 K by vendor 

Heated from 1475 to 1617 K in 2 hr 

DS-NiCr(F) 

Extruded ~12:1 at ~1365 K by vendor 

2 hr at 1640 K 

Inconel MA-754 

(a) 

(a) 

TD-NiCrAl 

Extruded 12:1 at 1365 K to 3- by 10-cm sheet bar, 
hot rolled to 1. 5-cm thickness in two 30-percent 
passes at 1365 K 

2 hr at 1640 K 

DST-NiCrAl 

Canned in steel, extruded 16:1 at 1395 K to ~1. 7- 
cm-diam bar 

2 hr at 1640 K 


a Not reported by vendor. 






TABLE IH. - GRAIN SIZE PARAMETERS AND TEXTURE OF ODS ALLOYS 


(a) Grain size 


Alloy 

Characteristic length, 

fjxn 

Average grain 

Grain aspect ratio, 





size, 



Parallel to 
extrusion axis, 

Long 

transverse, 

Short 

transverse, 


0.85 yL^L2Lg, 
pm 


L i 

L 2 

L 3 


TD-Ni 

DS-NiCr(S) 

25 

(a) 

Diam , 1. 3 

— 

3. 5 

19 





DS-NiCr(F) 

(b) 





Inconel MA-754 

530 

180 

115 

250 

3.7, c 0. 73 

DST -NiCr A1 

1200 

Duplex diam , 

— 

400 

d l. 8 



600 and 120 




TD-NiCrAl 

490 

285 

150 

235 

2.4 


(b) Texture 


Alloy 

Orientation 

TD-Ni 

Wire, [100] parallel to extrusion axis 

DS-NiCr(S) 

[100] parallel to extrusion axis, [Oil] parallel to long transverse 


direction, [OTl] parallel to short transverse direction 

DS-NiCr(F) 

Same as DS-NiCr(S) 

Inconel MA-754 

Same as DS-NiCr(S) 

TD-NiCrAl 

Same as DS-NiCr(S) 

DST -NiCrAl 

Wire, [522] parallel to extrusion axis 


a Single crystal; large, elongated subgrains. 

^Single crystal; large, elongated subgrains (smaller than DS-NiCr(S)) and large, elongated 
grains in twin orientation. 
c Calculated for transverse testing, j/LgLg/L^. 

^Calculated for larger grain diameter. 
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TABLE IV. - CREEP HISTORY AND ROOM TEMPERATURE RESIDUAL TENSILE PROPERTIES FOR SEVERAL ODS ALLOYS 


Specimen 

Creep conditions at 1365 K 

Room temperature residual tensile properties 

Macroscopic fracture appearance 
(a) 

Stress, 

MPa 

Time, 

hr 

Strain, 

percent 

0.2 Percent 
yield strength, 
MPa 

Ultimate ten- 
sile strength, 
MPa 

Elonga- 

tion, 

percent 

Reduction 
in area, 
percent 

TD-Ni; tested parallel to extrusion axis 

N-50 

65.5 

142.4 

0.49 

310 

395 


84 

Cup and cone, 

intr agranular 

N-53 

62 

120.5 

.35 

444 

519 

21 

80 



; N-52 

58.6 

141.0 

.30 

360 

447 

20 

82 



N-56 

55.1 

148.4 

.20 

411 

495 

21.5 

78 



b N-5 

55.1 

116.9 

.18 

404 

530 

24 

80 



N-10 

48.2 

117.3 

.25 

338 

460 

18 

82 



b N-4 

48,2 

120.5 

.12 

320 

448 

23 

81 



Average 

(c) 


— 

441 

489 

19 

80 



b N-3 

(c) 


— 

515 

588 

18 

76 

1 



Inconel MA-754; tested parallel to extrusion axis 


L-16 

89.6 

73.1 

1.0 

594 

611 

4 

4.5 

Intergranular, some oxide 

L-13 

86.1 

82.5 

.5 

642 

978 

15 

16.5 

Shear, possibly some intergranular 

L-12 

82.7 

69.0 

-.3 

628 

978 

15.5 

15.5 

Intergranular, shear 

L-5 

82.7 

100.4 

.44 

637 

880 

8.3 

12.6 

Mainly intergranular, spots of oxide 

L-6 

79.2 

146.2 

.14 

— 

995 

18.4 

17.6 

Intergranular, shear 

L-7 

75.9 

141.1 

.31 

643 

976 

11 

11 

Shear, possibly some intergranular 

L-15 

75.9 

47.8 

.2 

657 

1016 

16 

22.5 

Intr agranular, shear 

L-14 

72.3 

141.9 

.11 

651 

973 

18.5 

20 



L-8 

68.9 

141.6 

.1 

632 

991 

22.5 

21 


- 

L-3 

65.5 

145.1 

.12 

593 

996 

18.7 

22.5 



Average 

(c) 


— 

667 

1037 

21 

22 




Inconel MA-754; tested parallel to long transverse direction 


T-7 

34.5 

67.3 

1.67 

(d) 

164 

2 



Intergranular, almost completely oxidized, 90° 

T-6 

27.6 

72.7 

1.24 

(d) 

153 

2 

— 

Intergranular, almost completely oxidized, 90° 

T-l 

24.1 

101.0 

.91 

(d) 

466 

1.3 

0.5 

90°, some oxide, intergranular 

T-13 

22.4 

94.1 

-.22 

624 

885 

12 

18 

90°, some shear, intergranular 

T-3 

20.7 

120.3 

.49 

600 

681 

1.5 

1.5 

90°, intergranular 

T-ll 

20.7 1 

149.2 

.06 

621 

832 

8 

12.5 

90°, intergranular 

T-2 

18.9 

148.7 

.44 

597 

681 

3 

2.4 

90°, intergranular 

T-14 

17.2 

149.5 

.12 

593 

884 

12 

16 

90°, intergranular 

T-5 

13.8 

148.3 

0 

664 

896 

15.5 

16 

90°, intergranular 

Average 

i (O 


— 

656 

934.7 

23 

27.5 

Intr agranular, shear 



DS-NiCr(S); tested parallel to extrusion axis 


S-3 

S-5 

S-9 

S-8 

S-12 

S-13 

S-14 

Average 

79.2 

75.9 

72.3 

68.9 
68.9 
65.5 
62 

(c) 

98.3 

115.1 

101.4 
500 
115.7 
101.0 

119.5 

1.64 

.60 

.30 

.2 

.08 

.18 

.13 

410 

411 
414 
396 
434 
401 
399 
390 

769 

788 

789 
792 
786 
759 
782 
796 

26 

26 

26 

23.5 

26 

25 

27 

24 

36 

41 

27.5 
36 
34 

40.5 
40 

31.5 

Elliptical cross 

section, shear 





DS-NiCr(S); 

tested parallel to long transverse direction 


ST -11 

82.7 

88.6 

0. 32 

423 

591 

15 

15 

Shear, some 90° 

ST -9 

68.9 

146.2 

.1 

408 

606 

33 

46 

Shear, elliptical cross section 

ST -7 

62.0 

150.3 

.15 

430 

630 

40.5 

46 



ST -4 

27.6 

147.9 

.03 







ST-4 e 

55.1 

146.7 

.07 

404 

601 

30 

49 



ST -5 

24.1 

141.1 

0 







ST-5 e 

48.2 

135.3 

.02 

391 

615 

32 

42 



ST -3 

34.5 

148.6 

0 

424 

620 

26 

42.5 



ST -2 

31.0 

150.3 

0 

411 

616 

37.5 

44.5 



ST-10 

(0 


— 

442 

626 

42 

43 



DS-NiCr(F); tested parallel to extrusion axis 

F-6 

72.4 

150 

0.19 

416 

711 

11.8 

18.5 

Shear, possible small intergranular, elliptical 

F-5 

62.0 

148.3 

.1 

408 

795 

22 

25 

Shear, elliptical 

F-2 

62.0 

149.3 

.44 

— 

263 

2 

— 

Out of gage, intergranular, oxidized 

F-4 

(O 


— 

406 

790 

26 

38 

Shear, elliptical cross section 

TD-NiCrAl; tested parallel to extrusion axis 

TL-9 

55.1 

74.8 

1.8 

(d) 

268 

2 

-- 

Intergranular, 

almost completely oxidized 

TL-7 

55.1 

44.0 

.57 

769 

800 

3 

4 

Partial intergranular, some oxide 

TL-12 

51.7 

115.7 

.11 

775 

1108 

8 

15 

Intr agranular, 

90°, shear lip 

TL-3 

(c) 


— - 

785 

1181 

11 

10 

Intragranular, 90°, shear lip 

DST-NiCrAl; tested parallel to extrusion axis 

T-8-8 

62.0 

102 

3.46 

605 

605 

2.7 

— 

Intergranular, oxidized 

T-8-6 

55.1 

142.2 

.68 

750 

755.8 

1.8 

— 

Mainly intergrariular, cracks some oxide 

T-8-7 

48.2 

140.3 

.28 

706 

834.4 

5.4 

10 

Partially intergranular, cracks 

T-8-12 

44.8 

168 

.3 

674.5 

1033 

13 

12 

Small area of intergranular, cracks 

T-8-4 

41.3 

148.9 

.24 

737 

1030 

11 

11.5 

Shear, cup and cone, intergranular 

T-8-3 

41.3 

150.1 

.18 

698 

999 

13 

15 

Very small region of intergranular, 









small area of oxide 

Average 

(O 

— 


748 

1088 

15 

15 

Cup and cone, intragranular 


a Shear denotes fracture surface ^5° to stress axis; 90° denotes fracture surface perpendicular to stress axis. 
b Plasma coated with Ni-20Cr, ~100 pm thick. 
c As -received. 

^Did not yield 
e Load increased. 




TABLE V. - CREEP HISTORY AND 1365 K RESIDUAL TEESTLE PROPERTIES FOR SEVERAL ODS ALLOYS 


[Alloys tested parallel to extrusion axis. ] 



a As -received. 



CS-77362 j 5,1 cm j 

(a) DS-NiCr(S); heat treatment: 1477 to 1617 K in 2 hours. (b) DS-NiCr(F); heat treatment: 1640 K for 2 hours. 

Figure 1. - Photomacrographs of cross sections of extruded and heat-treated DS-NiCr bar. Macroetchant- 70 percent HCI 30 

percent H 2 0 2 . 


















CS-73364 


(a) As-received. 


(b) Creep tested at 1365 K and 82.7 MPa for 100.4 hours with 0.44 
percent strain. 


Figure 2. - Typical SEM fractographs of room temperature tensile fracture surfaces of Inconel MA-754 tested parallel to extrusion axis. 


to 







(b) Dispersed (Y 2 O 3 ) - free band developed by diffusional 
creep mechanisms. 


Figure 3. - Photomicrographs of Inconel MA-754 tested in 
long transverse direction. Specimen tensile tested at 
room temperature following creep testing at 1365 K and 
Z4.1 MPa for 101.0 hours with 0.91 percent strain. 
Electrolytfcally stain etched with .chromic acid mixture 
(100 cm* H 20 , 100 cm3 H 2 SG 4 , Z g chromic acid). 


FRACTION OF AS-RECEIVED REDUCTION IN AREA FRACTION OF AS-RECEIVED ELONGATION FRACTION OF AS-RECEIVED 

ULTIMATE TENSILE STRENGTH 




A 

DST-NiCrAl 


O 

TD-NiCrA! 


a 

INCONEL MA-754 (TESTED IN LONG 

o 


TRANSVERSE DIRECTION) 

r\ 

o 

INCONEL MA-754 


D 

DS-NiCr(F) 

□□ 

o 

DS-NiCr(S) (TESTED IN LONG 

o A 


TRANSVERSE DIRECTION) 


□ o 


o 





0 .4 .8 12 1.6 ^0 

CREEP STRAIN, PERCENT 


Figure 4. - Normalized room temperature tensile properties as function of prior creep 
strain at 1365 K. 
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TEMPERATURE, 



Figure 5. - Theoretical stress and temperature condi- 
tions to produce 1 percent creep in 100 hours by 
diffusional creep in 250-micrometer-grain-size 
ODS-Ni alloy and 100-hour stress-rupture life for 
advanced Ni-base ODS alloys. 


2200 — 
2000 — 
1800 — 
1600 — 
1400 — 



10 50 100 500 1000 

TIME, hr 


Figure 6. - Stress, temperature, and time conditions necessary to produce 
2-micrometer-thick dispersoid-free band by diffusional creep in ODS-Ni 







(b) Creep-tested at 1365 K and 62 MPa for 142.4 hours with 0.49 percent 
strain. 


Figure 9. - Typical SEM fractographs of room temperature tensile 
specimens of TD-Ni tested parallel to extrusion axis. 


I 
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Figure 11. - Typical SEM fractograph of room temperature tensile fracture 
surface of DS-NICr(S) tested parallel to extrusion axis. 











Figure 13. - SEM fractograph of room temperature tensile fracture surface 
of DS-NiCr(F) which had been previously creep tested at 1365 K and 
72.4 MPa for 150 hours with 0.19 percent strain. 
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(a) As-received. 



(b) Creep-tested at 1365 K and 48.2 MPa for 140.3 hours with 0.28 percent 
strain. 


Figure 15. - Typical SEM fractographs of room temperature tensile 
specimens of DST-NiCrAI tested parallel to extrusion axis. 
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Figure 16. - Photomicrograph of portion of room temperature residual tensile fracture 
surface of DST-NiCrAI specimen which had been previously creep-tested at 1365 K 
and 55.1 MPa for 142.2 hours with 0.68 percent strain. 
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